• We developed an algorithm to map the oxidative DNA damage at single-base resolution. 16 • Oxidative DNA damage landscape in C. elegans illustrated an age-specific pattern in terms of 17 motifs, chromosomal distribution, and genomic features. 18 • Oxidative modification in older worms occurred higher frequency at the sex chromosome, with 19 the preference for promoter and exon regions. 20 • Oxidative modification in promoter regions of pro-longevity genes was negatively associated with 21 their expression, suggesting the oxidative-driven transcript reprogramming of pro-longevity genes in 22 physiological ageing. 23 24 25 Abstract 26
Introduction
Ageing is characterized by a series of changes at both cellular and molecular levels, including 45 senescence, telomere shortening, and changes in gene expression, that lead to impaired functions and 46 increased vulnerability to death (Collado et al.; Lopez-Otin et al., 2013) . Although the molecular basis 47 of ageing has been intensively studied for decades, few promising conclusions regarding the 48 underlying mechanisms and anti-ageing treatments, have been reached. Recent studies in multiple 49 organ systems suggest that the rate of ageing is determined by both genetic and environmental factors 50 (Fallin and Matteini, 2009; Rando and Chang, 2012; Speakman et al., 2015) . One of the well-51 established theories for ageing is that of the accumulation of damaged DNAs, which sees aging as a 52 consequence of the unrepaired accumulation of naturally occurring oxidative DNAs (Cadet and 53 Davies, 2017; Cooke and Evans, 2007; Liochev, 2013; Pérez et al., 2009) . However, some studies 54 have shown that oxidative DNA damage plays a subtle role in normal ageing; rather it influences the 55 pathological phenotypes experiencing chronic oxidative stress (Salmon et al., 2010; Zawia et al., 56 2009). Hence, studying the genetic basis of longevity and healthy ageing in model organisms will 57 provide important biological insights to understand the impact of oxidative DNA damage on 58 physiological ageing. 59 Oxidative DNA damage is an inevitable consequence of cellular metabolism, with gradually 60 increased levels in organismal ageing due to age-associated deterioration in repair mechanisms
Results

99
SMRT Sequel platform is suitable for the detection of 8-OHdG modification 100 Previous study has shown that oxidative DNA damages can be detected in SMRT sequencing by their 101 specific polymerase kinetic signatures (Clark et al., 2011) . To calibrate the kinetic signature of the 8- 102 OHdG modification in the Sequel platform, we sequenced the synthetic oligonucleotide containing 103 two 8-OHdGs ( Fig. S1A and B , Table S1 ). We measured each base position (n=465) times in average 104 and determined the IPD ratio and coverage of each base position as described (Schadt et al., 2013) . 105 The statistically significant difference between IPD value at each position with the in-silico control 106 is determined by the modification score (-log10 p-value). The putative 8-OHdG events were detected 107 at positions 34 and 57 of the synthetic oligonucleotides with strict filtration criteria determined by 108 IPD ratio, modification score, and coverage ( Fig. S1C and D) and the true positive and false positive 109 detection rates of our approach were analysed ( Fig. S1D ). Compared to previously established 110 protocol (Clark et al., 2011) , we improved the analysis algorithm in two aspects: (i) to minimize the 111 false positive rate, we included not only the IPD ratio, but also the statistically significant modification 112 score (FDR < 0.05) to our threshold for identification of 8-OHdG signal, and (ii) to reduce the bias 113 of undetected surrounding base modification, we included the IPD ratio value of +1bp and -1bp to 114 our filtration criteria. 115 At the whole-genome level, we sequenced 8-OHdG modification sites in gDNA extracted from 116 the pcDNA3.1 plasmid treated with different concentrations of H2O2 and compared the number of 117 damage sites. We found an increase in 8-OHdG-modified sites along with H2O2 concentration, but 118 when we treated the sample with Ogg1, which can specifically cleave 8-OHdG (van der Kemp et al., 119 1996), a concomitant decrease in 8-OHdG were observed by both SMRT sequencing and dot-blot 120 assay ( Fig. S2A and B) . The presence of 8-OHdG in different samples was confirmed by HPLC-121 MS/MS (Fig. S2C ). Although 8-OHdG was thought to have variable motifs (Tang et al., 2019), our 122 data indicated that 8-OHdG occurred in higher frequency next to the downstream "GG/GC" sequence 123 in the plasmid genome ( Fig. S2D and E). Our data showed that 8-OHdG could influence the IPD 124 value of surrounding bases (Fig. S2D ), in particular an adjacent adenosine "A" (Fig. S3 ). Therefore, 125 to certify that the signal in adjacent "A" was due to the influence of the surrounding 8-OHdG 126 modification, we constructed a point mutation to an 8-OHdG signal-positive "G" site adjacent to an 127 corroborating that the signal was due to the effects of 8-OHdG modification. Nevertheless, given that 129 the IPD value at individual positions can still be influenced by surrounding modifications, we 130 excluded the "G" within +6bp and -6bp next to 6mA or 4mC modification which are the commonly 131 detected genomic modification, from our analyses. 132 
133
The repertoire of oxidative modifications in C. elegans genome displays age-specific patterns 134 For the next level of complexity, we attempted to understand the genomic DNA oxidation landscape 135 and its association with ageing in C.elegans, one of the widely accepted model organisms for ageing 136 studies. To this end, we sequenced unamplified gDNA extracted from the 1-, 10-, and 20-day-old C. 137 elegans with above 100-fold genome coverage ( Fig. 1A , Table S1 ). The experimental workflow and 138 the number of biological replicates used in this study were summarized in Fig. S4 and Fig. 1A . We 139 observed that oxidatively modified sites account for 0.01 %, 0.45 %, and 0.15 % of the whole genome 140 in D1, D10, and D20, respectively ( Fig. 1B and Fig. 2A ). We then profiled the density of 8-OHdG 141 sites normalized to total guanines in the C. elegans genome, the relative frequency of 8-OHdG (8- 142 OHdG/ G) in D10 was 3-fold higher than that of D20 and 10-fold higher than that of D1 (Fig. 1C) , 143 with an overlap of 0.009% of 8-OHdG sites among all age groups (Fig. 1D ). Circos plots displayed 144 the global distribution of 8-OHdG across the C. elegans genome (Fig. 1E ). On motif analysis, TGGGT 145 was the most enriched motif in the D1 group, while TGGAT was the most frequent motif in both D10 146 and D20 groups ( Fig. 1F , Table S2 ). These motifs were very similar to the 8-OHdG motifs of modification. The frequency of 3' or 5' base next to 8-OHdG is highly variable between young and 151 older worms. In young worms, the frequency of each base 5' to 8-OHdG was 30% G, 30% T, 30% A 152 and 10% C, and that of each base 3' to 8-OHdG was 40% G, 30% T, 15% A and 15% C; however, 153 for the older worms, the highest frequency of G (40%) was observed 5' to 8-OHdG, and A (30%) 154 achieved the highest frequency 3' to 8-OHdG. The motif identified in our study is consistent with 155 findings in mouse and yeast genome, where there is a high abundance of GG dimmer in regions 156 containing 8-OHdG sites. age groups 160 To understand whether oxidative modification has any chromosomal dominant, we analyzed the 161 frequencies of 8-OHdG across all six chromosomes. The chromosomal distribution of 8-OHdG 162 showed a different trend between young and older worms ( Fig. 2B ). Of the 6 chromosomes, ChX had 163 the highest frequency of 8-OHdG modification in older worms (D10 and D20), whereas ChI was the 164 lowest; conversely, the trend in young worms was completely opposite to the one observed in older 165 worms ( Fig. 2C) , demonstrating that the chromosomal distribution pattern of 8-OHdG in C. elegans 166 genome is age-specific. 167 To determine putative biological functions of 8-OHdG modification, we examined 8-OHdG 168 distribution in genomic features divided into gene bodies, including exon, intron, promoters, 5'UTR, 169 3'UTR regions, and intergenic regions. The highest % of modification for D1 is at the intergenic 170 (non-coding) regions; however, for D10 and D20, the highest % is seen at exon (coding) regions ( Fig.   171 2D). The dynamics of 8-OHdG distribution in different genomic regions of each chromosome show 172 a similar trend for all age groups ( Fig. 2E and F). 173 To investigate whether 8-OHdG modification shows sequence preference for different 174 genomic regions, we performed motif analysis using the sequence information of -2bp and +2bp next 175 to the modification. As described in Figure S5A -C, TTGGT is the most frequent motif found in 176 promoter, 3'UTR, 5'UTR, and TF-binding regions of D1, whereas TTGAT is the most frequent one 177 in D10 and D20 groups. However, for exon regions, TTGAT is the most frequent motif for all age 178 groups. Between D10 and D20, the 8-OHdG motifs for gene body, exon, promoter and 3'UTR are 179 similar but those for 5'UTR and TF-binding regions are different. Overall, although 8-OHdG 180 modification sites indicated significant different motifs between young and older worms, it did not 181 show significant different sequence preferences among different genomic features except TF-binding 182 regions of older worms.
184
Oxidative modification patterns change with ageing 185 Upon analyzing the 8-OHdG modification within the coding regions, we found that 11% (2,124), 92% 186 (18,571), and 72% (14,579) of annotated genes in 1-day-old, 10-day-old, and 20-day-old respectively 187 have at least one 8-OHdG sites. Approximately 9% (1,857) of oxidatively modified genes were 188 overlapped among three age groups, while 60% (12,242) were overlapped between D10 and D20 189 groups ( Fig. 3A and B, and Table S3 ). The trend of 8-OHdG modified genes across different 190 chromosomes is significantly different between young and older worms; for 1-day old group, the 191 highest number of oxidatively modified genes are found in ChIII, while in 10-and 20-day-old group, 192 the highest number of oxidatively modified genes were in ChV ( Fig. 3B and C, and Fig. S6A -C). To 193 understand whether oxidative DNA damage occurred more frequently in coding regions of specific 194 chromosomes, we analyzed the frequency of 8-OHdG (+) genes relative to the total number of genes 195 occupied in each chromosome (Fig. 3D ). The highest 8-OHdG (+) genes occupancy was found in 196 ChX for all age groups (Fig. 3D ). In D1, the 8-OHdG (+) genes occupancies in ChI and ChIII were 197 higher than that of ChII, while in the older groups (D10 and D20), those in ChI and ChIII were lower 198 than that of ChII (Fig. 3D ). These data denoted a different trend of chromosomal 8-OHdG (+) gene 199 distribution among different age groups. noted that these genes were highly enriched in biosynthetic and transcriptional regulation pathways; 204 in particular, D10-specific 8-OHdG-modified genes were enriched in bio-synthesis pathways 205 including ribosomes, spliceosome, oxidative phosphorylation, endocytosis, basal transcription factor, 206 TGF-beta signalling pathway, and mucin-type O-glycan biosynthesis, while D20-specific genes were 207 enriched in proteolysis pathways ( Fig. 3E ). Interestingly, we noticed that top 8-OHdG modified genes 208 identified in our samples were not yet functionally characterized so far (Table S4- The differentially 8-OHdG modified genes are annotated to longevity regulating pathways 217 Further, we examined the differentially oxidized genes (DOGs) between young and older worms ( The oxidative DNA damage in promoter regions is negatively correlated with the expression of 229 pro-longevity genes 230 To identify the modification status of longevity regulating genes, we analyzed the 8-OHdG 231 distribution in previously identified longevity regulating genes deposited at the animal aging and 232 longevity database (AnAge) (Uno and Nishida, 2016). To examine the influence of oxidative 233 modification on ageing, we divided longevity regulating genes into pro-and anti-longevity genes and 234 plotted them against the occupancy of 8-OHdG in different age groups. Gene set enrichment analysis 235 showed that the oxidative modification in pro-longevity and telomere maintenance genes increased 236 with age ( Fig. 5A and B ). In young worms, we identified very few 8-OHdG positive sites in longevity 237 regulating genes, however in the older worms, we found higher frequency of oxidative damage sites 238 especially in pro-longevity genes, with predominantly localized in promoter regions (Table S7 and OHdG modification and expression levels of longevity regulating genes, we performed RNA-seq on 244 different age C. elegans. As expected, the genome-wide transcriptional map analyzed from RNA-Seq 245 data indicated an age-specific pattern of transcript expression in the C. elegans genome evidenced by 246 differential expression profiles among different age groups ( Fig. S10A-D) . Similarly, the 247 transcriptional profile of genes involved in top-5 signaling pathways enriched by DOGs also showed 248 significant differences among diverse age groups ( Fig. S11A and B ). Further, correlation analysis 249 showed a negative correlation between 8-OHdG modification in promoter with the expression of pro- due to its short lifespan, relatively small genome size and simple body plan. In the current study, we 260 mapped the whole-genome landscape of oxidative modification in C. elegans at different age periods 261 and observed an agewise damage-driven reprogramming of pro-longevity genes. Our data set the 262 stage for further investigation that will improve the understanding of the oxigenetic basis of ageing. 263 Our data showed that SMRT sequencing in Sequel platform is an efficient approach for worms, we identified almost none oxidative damage sites in longevity regulating genes, however, in 343 the older worms, we found higher frequency of oxidative damage sites especially in pro-longevity 344 genes, suggesting that oxidative modification in pro-longevity genes may have a robust effect on 345 lifespan determination as compared to anti-longevity genes. Furthermore, our data specify that age- 100 mM NaCl, 2 mM Na-EDTA, and 10 ug mOgg1 in a total volume of 1 ml. Reactions were initiated 393 by adding enzyme and allowed to proceed for 30 min at 37°C. Worms culture and synchronization 404 The worms were cultured as others described with slightly modifications (Stiernagle, 2006 H2O and collected in a centrifuge tube, A total of 3.5 ml of sterile H2O, and then 1.5 ml of NaOH and 410 bleach mix (0.5 ml 5 N NaOH,1 ml bleach) was added to the tube. The tube was vortexed for 20 411 seconds every 2 minutes for a total of 10 minutes and then centrifuged for 30 seconds at 1300g to 412 pellet released eggs. The eggs were resuspended with H2O and transferred in a new prepared NGM 413 plate. 414 The hatched larvae were transferred to a newly prepared NGM plate and harvested the 1-day adult 417 worms for gDNA extraction. To prevent the progeny from hatching, 5-fluoro-2'-deoxyuridine (Fudr) 418 was added to the plates at a final concentration of 50 µM (Heehwa G. Son, 2017). 1-day adult worms 419 were placed on Fudr plates, and then transferred to Fudr plates every 3-4 days. After 10-and 20-days, 420 worms were collected for gDNA extraction (Fig. S4 ), respectively. We collected a total of 30 plates 421 for 1-day old, 30 plates for 10-day old and 60 plates for 20-day-old groups. We further subdivided 422 the collected worms into two tubes for DNA extraction and RNA extraction, respectively in order to Supplementary Table S8 . 
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Membranes were allowed to air dry and then DNA was autocrosslinked in a UV stratalinker (80J) for 504 2 times. The membrane was then blocked for 2 hours in 3% BSA at room temperature. Membranes 505 were probed for 1 hour at room temperature and overnight at 4°C with primary antibody (Anti-8- (1) Genome references: SMRT-seq data were mapped to the appropriate genomes using BLASR via 514 SMRTportal. The C. elegans data were mapped to C. elegans genome version WBcel235 515 (ftp://ftp.ensemblgenomes.org/pub/metazoa/release-44/fasta/caenorhabditis_elegans).
516
(2) Pre-processing of SMRT sequencing data for IPD analysis. We followed the pre-processing were filtered for having five or more subreads and required three or more IPDs with the preceding 536 and following base correction for computation of the single-molecule IPD ratio. We then further 537 filtered 8-OHdG sites with more than 25x coverage and <0.05 FDR as described above using Specifically, the FDR is calculated for each motif, FDRs can be estimated for single nucleotide-level 553 8-OHdG calls only among the G sites corresponding to the motif across the genome. We generated 554 the corresponding ROC curves by sliding a threshold value across the full range of observed IPDs. 555 We computed the true positive rate for each threshold as the fraction of oxidized modification 556 observations with an average IPD larger than the threshold. Similarly, we calculated the false positive 557 rate by the fraction of non-oxidized observations with an average IPD larger than the threshold. OHdG sites in the gene region of one sample was greater than or less than that of another sample, 576 with a significant p-value < 0.05 given by multiple Fisher exact test and a Benjamini-Hochberg false 577 discovery rate (FDR) < 0.05; we assigned these genes as age-specifically oxidized gene only if the 8- 578 OHdG sites were exclusively present in the annotated gene region of one sample compared to that of 579 another sample. the whole length of the encoded gene were counted using customized Perl scripts and we assigned these genes as age-956 specific only if the 8-OHdG sites in the gene region of exclusively in one sample but not in the other sample, with a 957 significant p-value < 0.05 given by multiple Fisher exact test and a Benjamini-Hochberg false discovery rate (FDR) < 958 0.05. The differential oxidation coordinates were identified by the number of 8-OHdG sites in 100 kb-length within the 959 indicated regions. The color key from white to red indicates 8-OHdG level from low to high, respectively. 960 961 Figure S7 . Genomic distribution of differential 8-OHdG modified genes. A. The proportion of differential 8-OHdG 963 modified genes (DOGs) captured in each chromosome. DOGs were identified by comparing the number of 8-OHdG sites 964 observed in the same gene annotated between two samples. The 8-OHdG modification sites in the whole length of the 965 encoded gene were counted using customized Perl scripts and we assigned these genes as DOGs only if the 8-OHdG sites 966
in the gene region of one sample was greater than or less than that of another sample, with a significant p-value < 0.05 967
given by multiple Fisher exact test and a Benjamini-Hochberg false discovery rate (FDR) < 0.05. B-D. Heatmap of 968 differential 8-OHdG modification process in different genomic regions analyzed between D10 vs D1 (B), between D20 969 vs D1 (C), and between D20 vs D10 (D). The differential oxidation coordinates were identified by the number of 8-OHdG 970 in 100 kb-length within the indicated regions with a Benjamini-Hochberg false discovery rate (FDR) < 0.05. The color 971 key from blue to red indicates 8-OHdG level from low to high, respectively. 972 
